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Figure 1. Native PACE (7.5% gel) of common bean nodule extracts. Lane 1, Extract of UI-111; lane 2, extract of PIS 17350; lane 3, extract of PI326054. Each lane received 90 ^g of protein.
Electrophoresis was conducted for 6 h at 4°C and at a constant power of 8 W/ plate. After electrophoresis, the gel was stained for CS transferase activity. UI-111 showed two CS isoforms, CS n , and GS n2 . PI317350 and PI326054 showed only one CS isoform, CS n 2. The experiment was repeated four times. Similar results were obtained each time.
Preparation of Nodule Crude Extracts
All procedures were carried out at 0 to 4°C. Root nodules from each cultivar or genotype of common bean were macerated in a mortar with a pestle in the presence of an extraction buffer (0.05 M Tris-HCl, pH 7.5, containing 1.0 rrtM DTT) at a ratio of 2 mL of buffer to 1 g of nodules as previously described (Robert and Wong, 1986) . The macerate was filtered through two layers of Miracloth (Calbiochem), and the filtrate was centrifuged at 27,000g for 30 rnin. The supernatant was the nodule crude extract.
In one experiment, nodule extracts were prepared by mixing two sources of nodules. Nodules (1 g) from cv UI-111 were mixed with 2 g of nodules from either PIS 17350 or PI326054. The mixed nodules were macerated in 6 mL of extraction buffer as described above. Protein contents of all extracts were measured colorimetrically by the method of Bradford (1976) .
Separation of Central Infection Zone and

Cortex of Nodules
Root nodules (3 g) from UI-111, PI317350, and PI326054 were halved with a razor blade. The central infection zone tissue of individual halved nodules was dissected from the cortex with a sharp scalpel. The cortex tissue was washed with gentle agitation four times with the extraction buffer. Crude extracts of the two tissue fractions were prepared as described above. All procedures were conducted at 0 to 4°C.
PACE
Three PAGE systems were used: (a) a discontinuous native gel system conducted according to Davis (1964) ; (b) an SDS-PAGE system carried out according to Laemmli (1970); and (c) an IEF in slab gel system conducted by the method of Kung et al. (1974) . The necessary modifications of the experimental conditions for each PAGE system were described previously (Robert and Wong, 1986; Cai and Wong, 1989 ).
The native gel system was used to separate GS nl from GS n2 and to reveal their isozyme compositions. The SDS-PAGE was employed to separate subunit polypeptide ft from y according to their mol wts. The mol wts of the polypeptides were determined by comparing them with those of the standard marker proteins. The IEF system was used to separate the two polypeptides according to their isoelectric points. The isoelectric points of the polypeptides were determined by directly measuring the pH of the gel after electrophoresis at 2-mm intervals with a microelectrode.
After electrophoresis, the gels were either stained for GS transferase activity (Barratt, 1980) or the proteins in the gels were electrophoretically transferred onto nitrocellulose sheets (Towbin et al., 1979) . GS on the sheets was subsequently visualized by ELISA using anti-GS antiserum as the primary antibody and horseradish peroxidase-conjugated goat antirabbit IgG antiserum as the secondary antibody (Cai and Wong, 1989) . and Wong (1986) analyzed by native PAGE the nodule extracts of 62 cultivars of common bean that are commercially grown in the United States and found that all of them have distinct GS nl and GS n2 isoforms similar to that of cv UI-111 as shown in Figure 1 . Because the genetic base of the American commercial common beans may be small, 26 additional commercial cultivars from many different countries were analyzed for this report (Table I ). The results showed that they also had two distinct GS isoforms. However, when 13 land race genotypes and three wild ancestors were studied, one from each group showed no GS n] (Fig. 1) . Land race genotype PI317350 came from Mexico. The wild ancestor PI326054 was collected in Venezuela. UI-117, PI317350, and PI326054 beans Each value is the average ± so of four determinations. CS was assayed by its transferase activity (Farnden and Robertson, 1980 Both PI beans were nodulated by Rhizobiutn strain 127K14. The nodules were smaller than those of UI-111. Other aspects of nodule morphology appeared to be normal, although detailed studies had not yet been conducted.
RESULTS
Robert
Soluble protein concentration of PIS 17350 and PI326054 nodule extract was 85 and 114%, respectively, that of UI-111 (Table II) . The total GS activity of PI317350 and PI326054 was 89 and 92%, respectively, compared to UI-111 (Table II) . Because the total GS activity of the two PI beans was contributed solely by GS n2 , the PI beans seemed to compensatorily accumulate higher levels of GS n2 than did UI-111 (Table  II ; Fig. 1 ).
The possibility that the PI beans may have inactive GS n i was investigated by electrophoretically transferring proteins in the gel from native PAGE to a nitrocellulose sheet. GS bands on the sheet were visualized by ELISA. The results showed that UI-111 had eight isozyme bands and the two PI beans had none in the GS n i region (Fig. 2) . However, a lower 123 _ Figure 2 . Western blot of native PACE of common bean nodule extracts. The conditions for this experiment were identical to those of Figure 1 except that each lane received 60 ng of protein and that after electrophoresis, the proteins were eletrophoretically transferred to a nitrocellulose sheet at 4°C for 1 h at 500 mA (western blotting). The sheet was probed with anti-CS antiserum. The CS bands were then visualized by ELISA. In UI-111 (lane 1), the GS n1 isoform showed eight individual CS isozyme bands; its CS n2 had only one band. PI317350 (lane 2) and PI326054 (lane 3) showed one band at the CS n2 region and a light lower mol wt band (double arrowhead) near the bottom of the sheet. The experiment was repeated four times. Similar results were obtained each time.
mol wt band was detected in both PI beans (Fig. 2) . This band had no GS activity, as shown in Figure 1 . This band was probably not a proteolytic degradation product. In a separate experiment, the extracts were incubated at room temperature for 1 h prior to electrophoresis. This treatment did not increase the intensity of the band.
The mol wt of the GS subunit polypeptides from the two PI beans were examined by SDS-PAGE. As shown in Figure  3 , both PI beans had the /? and y subunit polypeptides, as did UI-111. The mol wts of the two polypeptides were similar at about 46,000. The isoelectric points of the subunit polypeptides were determined by IEF-PAGE. The isoelectric points of the /3 and y polypeptides of the PI beans were 6.0 and 6.3, respectively (Fig. 4) . The isoelectric points of the two polypeptides of UI-111 were also 6.0 and 6.3, respectively (Fig-4) .
The PI bean nodule extracts may contain a proteolytic system that degrades specifically the 7-containing GS isozymes. To explore this possibility, extracts were prepared by macerating one part of UI-111 nodule with two parts of PI317350 or PI326054 nodules. The extracts were subjected to native PAGE. When the gel was stained for GS activity, GS n i of UI-111 was detected in both mixed nodule extracts (Fig. 5A) . When the proteins in the gel were electrophoretically transferred to a nitrocellulose sheet and the GS bands visualized by ELISA, the 7-containing GS isozymes of UI-111 were shown to be present in the two mixed nodule extracts (Fig. 5B) . After electrophoresis, the proteins were blotted onto nitrocellulose and the GS subunit polypeptides (0 and y) were subsequently visualized by ELISA as described in Figure 2 . The experiment was repeated three times. Similar results were obtained each time.
The 7 polypeptide may be located only in the central infection zone of the nodule, whereas the /? polypeptide may be present in the central infection zone as well as the nodule cortex (Cai and Wong, 1989; Forde et al., 1989) . Another reason for the lack of GS n i in the two PI beans could be that the |8 and y polypeptides in the central infection zone somehow cannot assemble to form the octameric holoenzymes. To test this possibility, nodules from UI-111 and the two PI beans were dissected and separated into the cortex and the central infection zone. The cortical, central infection zone, and whole nodule extracts were analyzed by native PAGE. The activity stain showed that in UI-111 the cortex had very little GSni activity but had substantial GS n2 activity (Fig. 6A) . Both isoforms that were detected in the whole nodule extract were also detected in the central infection zone extract (Fig.  6A ). Only GS n2 was detected in the cortical, central infection zone, and whole nodule extracts of the two PI beans (Fig. 6,   Figure 6 . Native PAGE of common bean cortical, central infection zone, and whole nodule extracts. A, Extracts of UI-111; B, extracts of PI317350; C, extracts of PI326054. Lanes 1, Whole nodule extract; lanes 2, cortical extract; lanes 3, central infection zone extract. Each lane received 90 /ig of protein. After electrophoresis, the gel was stained for GS transferase activity. The conditions for electrophoresis were the same as described in Figure 1 . The experiment was repeated twice. Similar results were obtained each time.
B and C). Analysis by ELISA also showed that UI-111 cortical extract had a slight amount of GS n] but an amount of GS n2 similar to those of the whole nodule extract and the central infection zone extract (Fig. 7A ). GS n 2, but no GS n i, was detected in all three extracts of the PI beans (Fig. 7, B and C).
DISCUSSION
The possible mechanisms that can explain why PIS 17350 and PI326054 beans had no GS n i are as follows: (a) GS n i and GS n z of the two PI beans have an identical electrophoretic mobility; as a result, the two GS isoforms 1 2 3 GSni GSn2 2 3 _ aid 1 2 3 1 2 3 1 2 3 _ A B Figure 5 . Native PAGE of common bean mixed nodule extracts. Conditions for native PAGE were the same as described in Figure  1 . In A, the gel was stained for GS transferase activity, and each lane received 90 ^g of protein. In B, each lane received 60 jig of protein; after native PAGE, the proteins were blotted onto nitrocellulose and the GS isoforms were subsequently visualized by ELISA as described in Figure 2 . In both A and B, nodule extract of UI-111 (lane 1) showed two GS isoforms, GS n i and GS n2 . Extract prepared by mixing UI-111 and PI317350 nodules (lane 2) similarly showed two GS isoforms. Extract prepared by mixing UI-111 and PI326054 nodules (lane 3) also showed two GS isoforms. The experiment was repeated twice. Similar results were obtained each time. appeared as a single band as shown in Figures 1 and 2 . This mechanism is incorrect because Figure 4 clearly shows that the isoelectric points of the /3 and y polypeptides of the two PI beans were different, as were the isoelectric points of the two polypeptides of cv UI-11 1. So if the y polypeptide of the two PI beans could assemble to generate GSnl, their GSnI should be electrophoretically separable from their GSn2, as are the two isoforms of UI-111.
(b) GSnI of the two PI beans is catalytically inactive either because of inhibition or because it is unstable. This mechanism may also be incorrect because, although the inactive form of GSnI could not be detected by activity stain (Fig. l) , it should be detected by ELISA. Figure 2 clearly shows that the two PI beans had no inactive GSnI. The presence of an inhibitor or a proteolytic system in the PI bean nodule extracts that specifically inhibited or degraded GSnI also seems unlikely because using mixed nodule extracts of the two PI beans, GSnI of UI-111 was neither inhibited nor degraded (Fig. 5, A and B) . However, Figure 2 does show the presence of a low mol wt inactive GS band. This inactive form may be due to a mutation in the y gene that affected its assembly site or a change in the system that assists the assembly of polypeptide. These two possibilities are discussed below.
GS gene of the two PI beans may have mutations in the region that is essential for assembly. This "mutated assembly site" mechanism may be correct because it is reasonable to assume that a certain sequence domain of the y polypeptide is essential for its assembly into octameric holo-GS isozymes. If mutations occurred in the domain, then the y polypeptide's ability to assemble into an intact enzyme molecule may be affected. To prove this mechanism is correct, the gene of the two PI beans will have to be cloned and sequenced. Comparing the sequences of the y gene from the PI beans with that of cv Bush Blue Lake, which has GSnI (Bennett et al., 1989) , may reveal the mutations in the assembly site.
(d) The assembly of GS subunit polypeptides into the octameric holoenzymes may require a chaperone. In the two PI beans, the chaperone may accumulate to a lower level than it does in UI-111. This "chaperone" mechanism seems likely because there are reports in the literature that indicate that GS assembly in higher plants requires a chaperone. Lubben et al. (1989) have shown that GroEL-related chloroplast molecular chaperone (cpn60) forms stable associations with GS and six other proteins imported into the chloroplasts under in vitro conditions. Their results suggest that cpn60 may be involved in the assembly or folding of GS in pea chloroplasts. Pushkin et al. (1982) reported the structure and some properties of a protein from pea leaves that is similar to GroEL protein of Escherichia coli. They found that this protein can be co-purified with GS. More recently, the same workers (Tsuprun et al., 1992) have used EM and image analysis to demonstrate the formation of a complex between the GroEL-like protein and GS.
For the chaperone mechanism to be correct, an assumption is needed. In the PI beans, either the chaperone level is lower because it is not found in the central infection zone or the y polypeptide requires a higher amount of the chaperone for assembly than does the /3 polypeptide, because the / 3 polypeptide could assemble into GSn2. Arguing against the first (c) The part of the assumption are the data shown in Figures 6 and  7 , which show that GSn2 was present not only in the cortex but also in the central infection zone of the two PI bean nodules. This indicates that the chaperone accumulated in both tissue fractions, where it could assist in the assembly of /3 polypeptide.
There are reports that lend some support to the second part of this assumption. Temple et al. (1993) transferred an alfalfa GS gene into tobacco and found that a factor was limiting the assembly of the alfalfa GS. Hemon et al. (1990) genetically engineered transgenic tobacco plants to contain chimeric genes encoding the y polypeptide of the common bean. They found in the leaves of mature transgenic plants that some amount of the y polypeptide failed to assemble into active GS, suggesting that a factor may be limiting the assembly of the y polypeptide into GS holoenzyme. More interestingly, Swamp et al. (1990) demonstrated that the a and GS genes of common bean are expressed in its cotyledons during germination. They found that the y mRNA represented about 20% of the total GS mRNA and that the y polypeptide was about as abundant as the CY polypeptide. They could detect the activity of GS isozymes containing CY polypeptide, but they found almost negligible activity of GS isozymes containing the y polypeptide. Their results suggested that a factor may be specifically limiting the assembly of the y polypeptide in the cotyledons.
Based on these reports, it is reasonable to suggest that the PI beans might accumulate a lower amount of the chaperone than does UI-111. The lower amount limits the assembly of y polypeptide but has no effect on the assembly of the /3 polypeptide. 
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